Introduction
Ischemic stroke, also referred to as cerebral infarction, is a common and life-threatening disease that accounts for the majority of cerebrovascular diseases worldwide. Cerebral ischemia results from a transient or permanent local reduction in cerebral blood flow (CBF). 1 Although rapid reperfusion therapy, such as thrombolysis, within the therapeutic window is widely accepted, post-reperfusion injury usually exacerbates the brain injury caused by the ischemic event.
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There has been increasing effort to find effective and beneficial neuroprotective drugs to treat ischemia. Furthermore, an increasing number of researchers have shown interest in PPARs, nuclear hormone receptor family members that appear to regulate immune and inflammatory responses by inhibiting the expression of proinflammatory genes. 2 After transient focal ischemia in rats, PPARγ expression and activation are reduced in the ischemic brain relative to the nonischemic brain. 3 The PPARγ agonist rosiglitazone has been approved for use as a neuroprotective agent. Additionally, the recent observation that the PPARγ ligand pioglitazone attenuates ischemic neuronal damage, indicates that PPARγ activators may be effective neuroprotective drugs against ischemic injury. 4 Studies have shown that PPARγ agonists help decrease excessive MMP2 and MMP9 activities to reduce the metalloprotease/anti-metalloprotease imbalance that is associated with emphysema in chronic obstructive pulmonary disease. 5 Experiments have shown that metalloproteases perform a harmful function that is related to the severity of ischemic brain injury.
Ursolic acid (UA, 3b-hydroxy-urs-12-ene-28-oic acid), a natural pentacyclic triterpenoid, is one of the main components of certain medicinal plants. UA has a broad spectrum of biological activities, such as anti-inflammatory, anti-oxidative, antitumor, antirheumatic, and antiviral activities. 6 UA may act as a PPARγ agonist to suppress ovalbumin-induced airway inflammation in a mouse model of allergic asthma. 7 UA can also attenuate subarachnoid hemorrhage injury by decreasing the expression of inflammatory mediators, such as MMP9. 8 In the present study, we used a middle cerebral artery occlusion and reperfusion (MCAO/R) rat model together with UA and bisphenol A diglycidyl ether (BADGE) treatment to examine how UA acts as a neuroprotective agent in a PPARγ-dependent manner. We investigated whether UA altered the MCAO/R-induced metalloprotease/anti-metalloprotease imbalance and explored the molecular mechanism underlying this imbalance.
Materials and methods animals
All experiments were conducted in accordance with the guidelines of the Research Ethics Committee of China Medical University. All experimental protocols involving animals were performed according to the guidelines of the National Institute of Health Guide for the Care and Use of Laboratory Animals. A total of 162 male Sprague Dawley rats were purchased from Liaoning Changsheng Biotechnology Company (Benxi, People's Republic of China) and housed under a 12-hour day/12-hour night cycle with free access to food and water. Rats weighing between 250 and 280 g were randomly divided into nine groups: 1) sham group (n=18): rats underwent the same surgical procedures as MCAO/R except for filament insertion and received the vehicle; 2) control group (n=18): rats underwent surgical procedures for MCAO/R and received the vehicle; 3) MCAO/R +5 mg/kg UA intragastrically (ig) group (n=18); 4) MCAO/R +10 mg/kg UA ig group (n=18); 5) MCAO/R +20 mg/kg UA ig group (n=18); 6) MCAO/R +5 mg/kg UA ig +30 mg/kg BADGE intraperitoneally (ip) group (n=18); 7) MCAO/R +10 mg/kg UA ig +30 mg/kg BADGE ip group (n=18); 8) MCAO/R +20 mg/kg UA ig +30 mg/kg BADGE ip group (n=18); and 9) MCAO/R +30 mg/kg BADGE ip group (n=18).
UA (purity $95.0%, Sigma-Aldrich Co., St Louis, MO, USA) in distilled water containing 0.5% Tween-80 (ddH 2 O/0.5% Tween-80) was administered via oral gavage 0.5, 24, and 47 hours after reperfusion. BADGE (SigmaAldrich Co.) in ddH 2 O/0.5% Tween-80 was administered ip 1, 24.5, and 47.5 hours after reperfusion. The sham and control groups received the ddH 2 O/0.5% Tween-80 vehicle ig at the same time that the other treatment groups received UA or BADGE.
Forty-eight hours after reperfusion, the 18 rats in each group were randomly divided into three subgroups by a researcher who was unaware of their neurological deficits. For each group, six rats were decapitated to obtain fresh brain tissue samples for biochemical analyses. Six rats were used for 2,3,5-triphenyltetrazolium chloride (TTC) staining to determine the infarct volume; and six rats were given the fixative perfusion for histological preparation and analysis.
experimental McaO/r model Surgical procedures for MCAO/R were performed on the rats using the previously described intracranial suture method. [9] [10] [11] [12] Rats were anesthetized with 10% chloral hydrate (350 mg/kg). Body temperature was monitored and maintained at 36.5°C-37.5°C using a heating pad and heating lamp during the operation. Briefly, after a 2 cm midline skin incision was created, the right common carotid artery, external carotid artery, and internal carotid artery were isolated. Then, a 5 cm nylon monofilament (diameter 0.26 mm) with a rounded tip coated with silicon (Jialing Biotechnology Company, Guangzhou, People's Republic of China) was inserted into the right internal carotid artery through the broken end of the external carotid artery to block the origin of the MCA (approximately 18±2 mm) with 10 mm of the filament left outside the body. Cerebral ischemia caused by 
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effects of ursolic acid on cerebral ischemia and reperfusion injury the placement of the intraluminal suture was maintained for 120 minutes; afterward, the suture was removed to achieve reperfusion. Rats in the sham group underwent the same surgical procedures except for filament insertion. CBF was monitored during all operative procedures. Success of the MCAO/R model was defined as a minimum 80% decrease in CBF during MCAO and a return to at least 80% of the original CBF after reperfusion based on CBF monitoring.
Neurological deficit analysis
Neurological deficits were scored 48 hours after reperfusion by other investigators, who were blinded to the experimental groups (n=18, per group). The scoring criteria for neurological deficits were as follows; this evaluation method was described previously: [12] [13] [14] • 0 points: no neurological deficit; • 1 point: difficulty in fully extending the contralateral forelimb; • 2 points: unable to fully extend the contralateral forelimb; • 3 points: circling to the contralateral side; • 4 points: no consciousness or ambulation.
The higher the neurological deficit score, the more severe the impairment of motor function.
infarct volume measurement
Infarct volume was assessed 48 hours after reperfusion (n=6, each group). As described in detail previously, 15 rats were deeply anesthetized with chloral hydrate (400 mg/kg), and coronary brain slices (thickness: 2 mm) were stained using 0.5% TTC (Sigma-Aldrich Co.). The stained slices were photographed and quantified using Image Pro Plus 6.0.
To compensate for the effect of postischemic edema on the volume of injury, the lesion volumes were corrected using the following formula: 
nissl staining and immunohistochemical staining
Brain samples from each animal (n=6, each group) were sectioned into three slices, starting 3 mm from the anterior tip of the frontal lobe in the coronal plane. The first, second, and third slices from front to back were 3, 4, and 3 mm thick, respectively. The second slices were embedded in paraffin, cut into 5 µm sections, and then mounted on poly-l-lysinecoated slides. Nissl staining was performed using 1% cresyl violet (Sigma-Aldrich Co.) solution. We used rat antibodies against PPARγ (1:50; Abcam PLC, Cambridge, UK), MMP2 (1:50; Abcam PLC), MMP9 (1:50; Abcam PLC), and TIMP1 (1:50; Abcam PLC) to determine the immunolocalization of each respective protein. Primary antibodies were recognized using a biotinylated anti-rabbit or anti-mouse secondary antibody at room temperature for 1 hour and detected using a streptavidin-peroxidase kit (Maixin, Fuzhou, People's Republic of China) at room temperature for 1 hour. Images were captured using a visible microscope objective lens. For images obtained using a 40×10 optical microscope, we used Image-Pro Plus 6.0 for analysis. In Nissl-stained sections, only intact neurons were counted. In order to ensure that the intact neurons were counted at the same coronal level, we collected ten 5 µm coronal sections of the dorsal hippocampus (−3.3 mm to −4.5 mm from bregma). The number of intact neurons in one section was averaged from three non-overlapping fields at the same site of ischemic cortex, and six rats in each group were quantified. Cells in which PPARγ had translocated from the cytoplasm to the nucleus were considered PPARγ-positive cells. The PPARγ-positive cells were identified, counted, and analyzed in each section used for immunochemistry. The investigators were blinded to the experimental groups during analysis. The average percentage of PPAR-positive cells in each rat brain section was calculated. For each section, three sequential non-overlapping fields in the ischemic cortical region receiving blood supply from the MCA were randomly selected and observed. Three sections of each rat brain sample and six rats in each group were examined. To verify signal specificity for PPARγ, MMP2, MMP9, and TIMP1, control sections were incubated with only primary or secondary antibody in parallel with the experimental samples. Positive staining was not observed in any control section.
Western blot analysis
Proteins were isolated from the ischemic portion of the cerebral cortex of each animal (n=6 per group) for Western blot analysis. As previously described in detail, protein samples were separated via 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA USA). The membrane was incubated with the following primary rat antibodies overnight at 4°C: anti-PPARγ (1:500; Abcam PLC), anti-MMP2 (1:500; Abcam PLC), anti-MMP9 (1:500; Abcam PLC), anti-TIMP1 (1:500; Abcam PLC), antidi-phosphorylated pERK1/2 (1:500; Abcam PLC), anti-pJNK (1:500; Abcam PLC), or anti-pp38 (1:500; Abcam PLC). After the membrane was washed three times, it was incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies (Zhongshan-Golden Bridge, Beijing, People's Republic of China) (1:2,000 dilution) for 2 hours at room temperature. To confirm equal loading, the membranes were analyzed for GADPH expression using an anti-GADPH antibody (1:500 dilution, Santa Cruz Biotechnology Inc., Dallas, TX, USA). The mean density and area of each band was quantified using ImageJ.
statistical analysis
All data were expressed as the mean values ± standard deviation and analyzed via one-way analysis of variance using SPSS 20.0 (IBM Corporation, Armonk, NY, USA). P,0.05 was defined as a significant difference. The neurological deficit scores for different groups were compared using the Kruskal-Wallis test. When the Kruskal-Wallis test showed a significant difference, the Mann-Whitney U-test with Bonferroni correction was applied.
Results
Effects of UA on neurological deficits and general condition
Compared with the sham group, the control group of rats displayed significant motor deficits ( Figure 1A ). Rats treated with UA (5, 10, or 20 mg/kg) showed significant improvements in the general condition and increases in neurological deficit scores after treatment compared with the control rats, and BADGE co-treatment partly but significantly abolished the improvements caused by UA treatment ( Figure 1A) . The protective effect of UA on neurological deficits was dose dependent. With increasing concentration of UA, the neurological deficit score and general condition were improved, and the median neurological deficit score was decreased. With increasing UA concentrations, the neurological deficit scores were further reduced, and the median neurological deficit score was further decreased. BADGE significantly abolished the UA-induced improvement in neurological deficits ( + P,0.05). However, the BADGE co-treatment groups also showed less severe neurological impairments than the control group ( 
No infarction was observed in the sham group ( Figure 1B and C). The infarct volume was clearly smaller in the UAtreated rats (5, 10, or 20 mg/kg) than in the control rats, and UA decreased the infarct volume in a dose-dependent manner ( Figure 1B and C) . However, BADGE co-treatment partly but significantly diminished the UA-induced reduction in infarct volume (Figure 1B and C) .
effect of Ua on McaO/r-induced histological changes in the brain UA treatment (5, 10, or 20 mg/kg) significantly alleviated the histological damage to the rat brain (Figure 2) . We used Nissl staining to observe neurons in the ischemic core in three sequential non-overlapping fields at the same coronal level and the same site of cortex. The number of intact neurons was decreased after MCAO/R, and the number of injured neurons exhibiting cell shrinkage was increased (Figure 2) . UA treatment at 5-20 mg/kg increased the number of intact neurons in a dose-dependent manner, whereas BADGE co-treatment partly but significantly blocked this improvement ( Figure 2 ). 
effect of Ua on PParγ
effect of Ua on the metalloprotease/ anti-metalloprotease balance
Cerebral ischemia and reperfusion increased the protein levels of MMP2 and MMP9 and attenuated the protein level of TIMP1, as indicated by a comparison of the control group with the sham group (Figures 4 and 5) . UA treatment (5, 10, or 20 mg/kg) significantly decreased the MMP2 and MMP9 protein levels and increased the TIMP1 protein level. Moreover, we distinguished the active form of MMP9 from its inactive form. UA impaired both the protein and enzymatic activity levels of MMP9. With increasing UA concentrations, the metalloprotease/anti-metalloprotease balance was further restored. This dose-dependent effect was apparent based on both Western blot and immunochemical analyses. Comparison of the UA-treated groups and the BADGE co-treatment groups revealed that the UA-induced reductions in the MMP2 and MMP9 levels, and the increase in the TIMP1 level was partly but significantly blocked by BADGE (Figures 4 and 5) .
effect of Ua on the MaPK signaling pathway
We examined the effect of UA on the MAPK pathway to identify the mechanism by which UA regulates the metalloprotease/anti-metalloprotease balance. Western blot analysis showed significantly higher levels of pp38 MAPK, pERK1/2, and pJNK1/2 in the control group than in the sham group. UA treatment (5, 10, or 20 mg/kg) significantly decreased the pERK1/2, pJNK1/2, and pp38 protein levels and suppressed the activation of the MAPK signaling pathway in a dose-dependent manner. Comparison of the UA-treated and BADGE co-treatment groups indicated that the BADGE co-treatment partly but significantly blocked the UA-induced changes in MAPK activities ( Figure 6 ).
Discussion
UA, a natural pentacyclic triterpenoid, has already been revealed to be neuroprotective in several studies. Recently, UA has been reported to protect the brain against ischemia and reperfusion injury via its anti-oxidative and anti-inflammatory effects after MCAO in mice. 16 UA also protected neurons by attenuating the brain inflammatory response to improve cognitive dysfunction in chronic (but not acute) brain injuries such as neurodegenerative diseases that are induced by inflammatory responses. 4, [17] [18] [19] In our study, we found that UA reduced neurological deficits and decreased infarct volume when administered ig at a dose of 5, 10, or 20 mg/kg after reperfusion. Consistent with previous studies, our study indicated that UA was an effective therapeutic agent against cerebral ischemia and reperfusion injury. Furthermore, several studies have suggested that UA attenuated ischemia and reperfusion injury in regions other than the brain such as 
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effects of ursolic acid on cerebral ischemia and reperfusion injury the heart and the kidney. [20] [21] [22] [23] [24] UA may also hold potential as a therapeutic agent to prevent muscle ischemic injury; this evidence may provide new insight into the effects of UA on ischemic vascular diseases. 24 As widely acknowledged, abrupt reoxygenation due to the rapid restoration of blood flow is frequently associated with an exacerbation of tissue injury and an intense inflammatory response that is triggered by inflammatory mediators, such as MMPs. 25, 26 Studies have shown that the activity of MMPs, particularly MMP9, is markedly increased after infarction and is involved in infarct size growth. 27, 28, 42 We found that cerebral ischemia and reperfusion injury activated MMP2 and MMP9 and inhibited TIMP1 in the control group compared to the sham group, and the observed metalloprotease/anti-metalloprotease imbalance paralleled the ischemic volume. Our observation supports the proposal 
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Wang et al that the metalloprotease/anti-metalloprotease balance plays a central role in brain injury after transient ischemia, and that the anti-inflammatory effect of UA might underlie its neuroprotective activity. Recent evidence has further shown that the infarct size was reduced in MMP9-deficient mice compared with control mice, and this finding suggests that excessive activation of MMP9 is deleterious to the brain and that MMP9 inhibitors may serve as therapeutic agents for ischemia and reperfusion injury. 29, 30 The nuclear hormone receptor PPARγ plays a vital role in a diverse range of biological processes, including the prevention of acute inflammation. Several studies have demonstrated that pharmacological PPARγ activation suppressed the inflammatory response in cerebral ischemia, 31, 32, 43 and this finding suggests that PPARγ might be critical in cerebral ischemia and reperfusion injury. In our study, we observed that the PPARγ protein levels and the percentage of PPARγ-positive cells were increased after UA treatment in a dose-dependent manner, and these results demonstrated that UA enhanced PPARγ function. Our study provided compelling evidence that UA activated PPARγ; this finding was consistent with the previous observation that UA isolated from Chromolaena odorata acts as PPARγ agonist. 33 In addition, BADGE, a PPARγ antagonist, abolished the agonistic effect of UA on PPARγ. Co-treatment with UA and BADGE resulted in PPARγ levels similar to the control levels, and the changes in MMP2, MMP9, and TIMP1 expression were significantly diminished by BADGE 
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effects of ursolic acid on cerebral ischemia and reperfusion injury co-treatment. Taken together, our results clearly showed that UA acted as a PPARγ agonist to reduce the metalloprotease/ anti-metalloprotease imbalance that could suppress cerebral ischemia and reperfusion injury. In line with previous studies, this PPARγ agonist could protect against ischemia and reperfusion injury by reducing the activities of MMPs in other organs. In our study, we have shown for the first time that UA can act as a PPARγ agonist to attenuate cerebral ischemia and reperfusion injury by restoring the balance between MMPs and TIMP. Nevertheless, BADGE co-treatment completely abolished the UA-induced change in PPARγ expression. However, UA continued to have a clear influence on MMPs and TIMP activities, and this result indicated that UA might affect the metalloprotease/anti-metalloprotease imbalance via alternative mechanisms.
As a common family of inflammatory mediators in the brain, MMPs have been shown to be increasingly dependent on activation of the MAPK signaling pathway under numerous inflammatory conditions. Activated MAPK is known to be involved in inflammatory mediator production in cerebral ischemia and reperfusion injury. 34 According to more recent findings, the metalloprotease/anti-metalloprotease imbalance is reduced via a mechanism involving MAPK inhibition under many pathologic conditions. [35] [36] [37] In the present study, we evaluated the protein levels of MAPKs (JNK1/2, p38 MAPK, and ERK1/2) after MCAO/R and 
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Wang et al UA treatment. The levels of pp38, pERK1/2, and pJNK1/2 were elevated in the control group compared with the sham group, and UA inhibited p38, ERK1/2, and JNK1/2 activation in a dose-dependent manner. These results suggest that the suppressive effect of UA on the MMP levels after MCAO/R may be related to its reduction of MAPK pathway activation, which could be involved in the neuroprotective effects of UA. Our findings provide new evidence that decreasing MAPK pathway activation, which further affected the metalloprotease/anti-metalloprotease imbalance, could be neuroprotective in cerebral ischemia and reperfusion injury. In addition, BADGE significantly reduced the UA-induced effects on MAPK activation, and this finding indicates that PPARγ plays an important role in regulating MMPs, probably through the MAPK pathway.
Previous studies have demonstrated that an intact form of UA was available to the brain after oral intake, and the detection of UA in the brain suggested that UA can penetrate the brain-blood barrier. 38, 39 These findings support the possibility of using UA to treat cerebral ischemia and reperfusion injury. Moreover, clinical studies showed that liposomes have been utilized as a drug delivery system to overcome the poor solubility of UA to enhance the bioavailability of this drug. 40, 41 Figure 6 effect of Ua on the MaPK signaling pathway. Notes: Western blot analysis showed significantly higher levels of pERK1/2, pJNK1/2, and pp38 in the control group than in the sham group (**P,0.01). Ua treatment (5, 10, or 20 mg/kg) decreased the pERK1/2, pJNK1/2, and pp38 protein levels ( Our study has only examined whether UA acts as a PPARγ agonist to maintain the metalloprotease/anti-metalloprotease balance, thus attenuating cerebral ischemia and reperfusion injury. However, when BADGE co-treatment returned PPARγ expression to the control levels, the neuroprotective effect of UA was only partly attenuated. Because UA performs several biological functions, MMPs could be modulated via the multiple pathways in which UA may participate. For example, UA was reported to decrease MMP9 expression by regulating the TLR4 signaling pathway in experimental subarachnoid hemorrhage models. 8 Further study is necessary to clarify the mechanism by which UA reduces the metalloprotease/anti-metalloprotease imbalance in cerebral ischemia and reperfusion injury, and the other biological activities by which UA exerts its outstanding neuroprotective effect.
Conclusion
In summary, the results from our rat focal cerebral ischemia and reperfusion model suggests that UA, a PPARγ agonist, maintained the metalloprotease/anti-metalloprotease balance, possibly by inhibiting the MAPK signaling pathway activation, to attenuate cerebral ischemia and reperfusion injury. These mechanistic insights may support the use of UA as a novel neuroprotective therapeutic agent.
